We have performed extensive Monte Carlo simulations in the canonical ͑NVT͒ ensemble of the pair correlation function for square-well fluids with well widths − 1 ranging from 0.1 to 1.0, in units of the diameter of the particles. For each one of these widths, several densities and temperatures T in the ranges 0.1ഛ 3 ഛ 0.8 and T c ͑͒ Շ T Շ 3T c ͑͒, where T c ͑͒ is the critical temperature, have been considered. The simulation data are used to examine the performance of two analytical theories in predicting the structure of these fluids: the perturbation theory proposed by Tang and Lu ͓Y. Tang and B. C.-Y. Lu, J. Chem. Phys. 100, 3079 ͑1994͒; 100, 6665 ͑1994͔͒ and the nonperturbative model proposed by two of us ͓S. B. Yuste and A. Santos, J. Chem. Phys. 101 2355 ͑1994͔͒. It is observed that both theories complement each other, as the latter theory works well for short ranges and/or moderate densities, while the former theory works for long ranges and high densities.
I. INTRODUCTION
Thermodynamic and structural properties of square-well ͑SW͒ fluids has been a subject of interest for many years because of their simplicity and their resemblance to real fluids with spherically symmetrical potentials, among other reasons. Therefore, at present there are available a considerable number of theories for this kind of fluid. Among them, particularly simple and fruitful are perturbation theories for the thermodynamic properties. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] If one is interested in structural properties, one can resort to integral equations theories based on the Ornstein-Zernike equation, for which we have a number of possible choices. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] The latter group of theories has in general the drawback of being nonanalytical, so one has to deal with them by numerical methods. However, in some cases it has been possible to obtain analytical expressions for the structural properties [25] [26] [27] [28] [29] [30] inspired, at least indirectly, in integral equation theories.
In parallel with the theoretical developments, much research has been devoted to obtaining the thermodynamic and structural properties of SW fluids by means of computer simulations. 5, 10, 14, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] Most of that research has focused on SW fluid with intermediate ranges of the potential, because they more closely mimic real, simple fluids, whereas relatively little attention has been paid to SW fluids with short ranges. On the other hand, recently there has been a renewal in the interest in short-ranged SW fluids as models of colloidal suspensions 23, [49] [50] [51] [52] and phase separation of protein solutions. 53 In the present paper we have carried out Monte Carlo simulations of the pair correlation function or radial distribution function ͑r.d.f.͒ g͑r͒ of SW fluids with short, intermediate, and long ranges for temperatures above the critical ones and for a wide range of densities. These data are used to test the performance of two analytical theories, one perturbative 27, 28 and the other one nonperturbative. 29 As we will see, both theories complement each other: the perturbative theory is generally preferable for long ranges, while the nonperturbative theory is better for short ranges.
The plan of the paper is as follows. The two theories are introduced in the next section, some details being relegated to Appendices A and B. The Monte Carlo method we have employed is succinctly described in Sec. III. The theoretical results are compared with the simulation data and discussed in Sec. IV. The main conclusions of the paper are summarized in Sec. V.
II. ANALYTICAL THEORIES FOR THE PAIR CORRELATION FUNCTION OF SQUARE-WELL FLUIDS
For fluids with a square-well potential of the form
where is the potential range in units of the particle diameter and ⑀ is the potential depth, several approaches have been devised to derive analytical expressions for the structural properties. In this paper we will focus on two theories, both having in common that analytical expressions for the r.d.f. in Laplace space are provided. The first of those theories is attributed to Tang and Lu ͑TL͒, 27, 28 who combined perturbation theory with the mean spherical approximation ͑MSA͒ to derive an analytical expression for the first-order r.d. 
where x = r / . The expressions for the Laplace transforms of xg 0 ͑x͒ and xg 1 ͑x͒ are given in Appendix A. The TL theory is expected to be accurate for moderate to large potential widths since the series in powers of 1 / T * converges slowly for short-ranged SW potentials. 56 For the opposite situation, that is, for SW potential with ranges close to 1, a procedure has been proposed 57 to determine the structure of an SW fluid from that of an equivalent fluid of sticky hard spheres, using for the latter Baxter's analytical solution of the PY equation. 58 To this end, the parameters of the equivalent fluid are determined from the condition that the second virial coefficients of the two fluids must be equal. This approximation provides good results for the structure factor of SW fluids with ഛ1.2, at least for moderate to low densities, but is not appropriate for obtaining the r.d.f., so it will not be considered in this paper.
As a second theory, we will consider the one developed by Yuste and Santos, 29 which provides an alternative analytical expression for short-ranged SW fluids and reduces to Baxter's solution in the sticky hard-sphere limit. We will refer to this theory as the Yuste-Santos ͑YS͒ model and it will be presented next with some detail.
The starting point in the YS model is the expression of the Laplace transform G͑t͒ of xg͑x͒ in the form
3 is the packing fraction, being the number density, and F͑t͒ is an auxiliary function given by 29, 30 F͑t͒ = − 1 12
.
͑4͒
The coefficients K 1 , K 2 , S 1 , S 2 , and S 3 are determined from consistency conditions as functions of , T * , , and A ͑see Appendix B͒. To close the model, the parameter A is further fixed at its zero density value A = e 1/T * − 1 for the sake of simplicity. 29, 30 Expression ͑4͒ reduces to the exact solutions of the PY equation in the limit of hard spheres ͑ → 1 or T * → ϱ͒, 54, 55 as well as in the limit of sticky hard spheres ͓ → 1 and T * → 0 with T * ϳ −1/ln͑ −1͔͒. 58 Therefore, the approximation ͑4͒ can be considered as an extension to finite widths of Baxter's solution of the PY equation for sticky hard spheres.
The inverse Laplace transform of Eq. ͑3͒ allows us to obtain the r.d.f. in the form
where the function f n ͑x͒ is the inverse Laplace transform of t͓F͑t͔͒ n and ⌰͑x͒ is Heaviside's step function. Note that, to determine the r.d.f. for x Ͻ n + 1, only the first n terms in the summation ͑5͒ are needed. In the analysis of Sec. IV, we will consider reduced distances x Ͻ 3, so that only the functions f 1 and f 2 will be needed. They are given in Appendix B.
III. MONTE CARLO SIMULATIONS
We have performed NVT Monte Carlo ͑MC͒ simulations of the r.d.f. of SW fluids with ranges = 1.05 and = 1.1-2.0 ͑with a step ⌬ = 0.1͒ for ͑reduced͒ number densities * ϵ 3 = 0.1-0.8 ͑with a step ⌬ * = 0.1͒ and several temperatures in the supercritical region. To this end, a system consisting of 512 particles was considered. The particles were initially placed in a regular configuration in a cubic volume with periodic boundary conditions, with fixed temperature and density. After equilibration, the r.d.f. was determined from measurements performed over 5 ϫ 10 4 cycles, each of them consisting of an attempted move per particle.
Results for the contact values g͑1
+ ͒ of the r.d.f., as well as for their values g͑ − ͒ and g͑ + ͒ at both sides of the potential range, were obtained from extrapolation and are reported in Table I . 59 From these values, the compressibility factor Z = pV / NkT can be obtained from the virial theorem for the SW fluid as
Values of Z thus obtained were reported elsewhere, 48 except for the range = 1.05.
IV. RESULTS AND DISCUSSION
The objective is to determine the limits of applicability of the TL and YS theories. We are mainly interested in the domain of moderate temperatures. By that we mean temperatures within the range T c * ͑͒ Շ T * Շ 3T c * ͑͒, where T c * ͑͒ denotes the critical temperature of the SW fluid with range . This critical temperature has been measured in computer simulations for several ranges. [39] [40] [41] [42] [43] [44] 53 of the reduced density for the temperatures represented in Fig. 1 , as obtained from our MC simulations, as well as from the TL and YS theories ͓cf. Eqs. ͑A6͒, ͑A9͒, and ͑B5͔͒. We observe that for = 1.05 and = 1.1 the nonperturbative YS model presents a very good agreement with the simulation data for the three temperatures considered, whereas the TL perturbation theory is rather poor, especially for low temperatures. For ജ1.2, however, the YS model behaves well for small and moderate densities but starts to fail in the highdensity domain, especially for the lowest temperature, the failure being more dramatic as the well width increases. Interestingly, the TL theory becomes more accurate precisely in that high-density region where the YS model is less reliable. Thus, for a given range , there exists a certain threshold density 0 * ͑͒ such that the YS model is accurate for * Շ 0 * ͑͒ and inaccurate for * տ 0 * ͑͒, while the opposite situation occurs in the case of the TL theory. Of course, this qualitative description applies for the range of "moderate" temperatures defined above, since the results obtained from both theories tend to coincide as the temperature increases.
According to Figs. 2 and 3 , the location of 0 * ͑͒ roughly coincides with the region where either the isotherms cross ͑for ഛ1.7͒ or have the least separation ͑for 1.8ഛഛ2.0͒. This means that the simulation data of g͑1 + ͒ in the region * Ϸ 0 * ͑͒ are practically insensitive to the temperature, so they are close to its hard-sphere value g 0 ͑1 + ͒. For larger densities, * տ 0 * ͑͒, the simulation data show that the influence of temperature is small and hence the TL perturbation theory becomes accurate in that domain. On the other hand, for * 
The strong deviation of the nonperturbative YS theory from the MC data in the density region * տ 0 * ͑͒, especially for ജ1. 4 , is in part due to the fact that in the YS model the parameter A in Eq. ͑4͒ is assumed to be independent of density, and so it is assigned its zero-density value A = e 1/T * − 1. A better agreement is expected if A is allowed to depend on density, but this would imply either to impose an extra consistency condition ͑for instance, continuity of the first derivative of the cavity function͒ or to apply an empirical fit, which is outside the original spirit of the YS model. A second reason has to do with the construction of the YS model as an extension of Baxter's solution of the PY integral equation for sticky hard spheres, so that in principle it is intended to be a model for narrow wells.
A plot of 0 * ͑͒ is presented in Fig. 4 . It can be interpreted as a sort of "phase" diagram in which the curve separates the respective regions where the TL and YS theories are reliable for moderate temperatures in the interval T c * ͑͒ Շ T * Շ 3T c * ͑͒. We observe that as the range decreases, the YS region tends to span the whole fluid density domain. In addition, 0 * presents a minimum 0 * Ϸ 0.4 at Ϸ 1.7, so the YS theory does a fairly good job if * Շ 0.4, even for wide potentials.
Once we have analyzed the performances of the TL and YS theories in connection with the contact value g͑1 + ͒, let us proceed to investigate the r.d.f. g͑x͒ itself. The results are presented in Figs. 5-10. Since in this paper we are mainly interested in short-ranged SW potentials, we have paid special attention to the ranges 1.05ഛഛ1.3 ͑Figs. 5-8͒. As representative examples of a moderate and of a wide range we have considered = 1.5 ͑Fig. 9͒ and = 2.0 ͑Fig. 10͒, respectively. For each value of we have restricted ourselves to the lowest temperature represented in Fig. 1 and to the densities * = 0.2, 0.4, and 0.8 ͑except in the case = 2.0, where * = 0.8 has not been considered because the YS model fails to have a solution in that case͒. In agreement with the analysis of Figs. 2 and 3 , one can see that the YS theory works well for small potential widths ͑ഛ1.2͒ for the whole density range. For larger potential widths, the performance of the theory is still fair at low ͑ * = 0.2͒ and even moderate ͑ * = 0.4͒ densities. However, the YS theory fails, and even can become entirely unphysical, at high densities ͑ * = 0.8Ͼ 0 * ͒. Of course, at temperatures higher than those of Figs. 5-10 the performance of the theory at high densities improves ͑not shown͒.
By contrast, the TL theory presents the opposite behavior to that of the YS theory, since its accuracy increases as the density and the potential width grow. Of course, it also improves if the temperature increases, as expected from a perturbation theory. According to Figs. 5-10, the TL theory does a better job than the YS model at * = 0.8 for ജ1.3, in agreement with the phase diagram of Fig. 4 .
V. CONCLUSIONS
In this paper we have presented extensive Monte Carlo simulations for the structural properties of square-well fluids with ranges , reduced densities * , and reduced temperatures T * in the intervals 1.05ഛഛ2, 0.1ഛ * ഛ 0.8 and T c * ͑͒ Շ T * Շ 3T c * ͑͒, respectively. The MC data have been used to assess the accuracy of two theories that provide explicit expressions of the r.d.f. in Laplace space, the TL perturbation theory, 27, 28 and the nonperturbative YS model. 29 The results show that both theories complement each other, as the YS theory works well where the TL theory fails and vice versa. More specifically, the YS theory exhibits a good agreement with the MC data at any fluid density if the potential well is sufficiently narrow ͑say, ഛ1.2͒, as well as for any width if the density is small enough ͑say, * ഛ 0.4͒. This can be further refined by noticing that the YS theory works well if * Շ 0 * ͑͒, where 0 * ͑͒ is the density around which the simulation data for the contact value g͑1 + ͒ show the least influence on temperature. On the other hand, for * Ͼ 0 * ͑͒ the YS theory rapidly deteriorates, especially for temperatures near the critical one, while the TL theory becomes very accurate.
The complementarity between the TL and YS theories is interesting because they present some formal similarities in their formulation and are ͑practically͒ equally easy to implement ͑see Appendices A and B͒. The latter theory, however, has some advantages over the former one. First, the YS theory is especially useful for describing colloidal dispersions modeled as short-ranged SW fluids. Second, it provides a simple analytical expression for the second shell ͑2 ഛ x ഛ 3͒ of the r.d.f., whereas this is not the case for the TL theory. 28 Last, it seems feasible to improve the performance of the YS theory at high densities by imposing additional constraints to the Laplace transform of the r.d.f. to determine the parameter A in Eq. ͑4͒ as a function of density. Instead, in order to improve the TL theory it would be necessary to obtain higher order terms in the expansion of the r.d.f. of the SW fluid in power series of the inverse of the reduced temperature T * , and this seems too complicated at present.
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The exact solution of the PY equation for hard spheres 54, 55 reads
where = ͑ /6͒ 3 is the packing fraction and
͑A5͒
The corresponding contact value is
provides the zeroth-order term in the TL perturbation theory. The first-order term is 27 ,28
͑A7͒
where S 1 ͑t͒ϵSЈ͑t͒, S 2 ͑t͒ϵSЉ͑t͒, the primes denoting derivatives with respect to t, and
͑A8͒
In Eq. ͑A7͒ the summation extends over the three zeros of S͑t͒, denoted by t i . The contact value g 1 ͑1 + ͒ is 
͑A9͒
By analytical inversion of G 1 ͑t͒ one can get explicit expressions for g 1 ͑x͒ inside the shells n ഛ x ഛ n + 1, which become increasingly more complicated as n grows. The expression for the first shell 1 ഛ x ഛ 2 can be found in Ref. 28 .
APPENDIX B: EXPLICIT EXPRESSIONS IN THE YUSTE-SANTOS MODEL
By imposing the exact condition G͑t͒ − t −2 ϳ t for small t, where G͑t͒ is defined by Eq. ͑A1͒, one can express the parameters K 1 , S 1 , S 2 , and S 3 appearing in Eq. ͑4͒ as linear functions of A and K 2 29,30
2 ͔A͖, ͑B3͒
͓4 + 2 − ͑3 2 + 2 + 1͔͒͑ − 1͒
2 A ͮ . ͑B4͒
From Eq. ͑A2͒, we have
. ͑B5͒
By application of the Heaviside expansion theorem, the inverse Laplace transform of tF͑t͒ reads Insertion of Eqs. ͑B6͒ and ͑B9͒ into Eq. ͑5͒ gives the r.d.f. g͑x͒ in the interval 1 ഛ x ഛ 3. Note that the contribution f 22 ͑x͒ is needed inside that interval only if Ͻ 3 2 . For x Ͼ 3 the evaluation of f 3 ͑x͒ , f 4 ͑x͒ ,..., is required. Alternatively, one can make use of the efficient method discussed by Abate and Whitt 60 to invert Laplace transforms numerically. To close the model, we need to determine the parameters A and K 2 . The former is assigned its zero-density limit value, namely A = e 1/T * −1. 29 To determine K 2 we impose the continuity condition of the cavity function at x = , which implies g͑ − ͒ = e 1/T * g͑ − ͒. ͑B12͒
This yields
͑1 − e −1/T * ͒f 10 ͑ − 1͒ = − f 11 ͑0͒ = − K 2 12S 3 . ͑B13͒
Since the roots t i depend on K 2 through the coefficients S 1 , S 2 , and S 3 , Eq. ͑B13͒ is a transcendent equation for K 2 that needs to be solved numerically. Acedo and Santos have recently proposed a simplified version of the YS model whereby the exact condition ͑B12͒ is replaced by a simpler one that allows K 2 to be obtained analytically. 30 This is especially useful for determining the thermodynamic properties. 10, 30 In this paper, however, since we are interested in the structural properties, we enforce condition ͑B12͒ and determine K 2 from Eq. ͑B13͒.
